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Crossovers ensure proper chromosome segregation
in meiosis. A heterodimer of MutS proteins,
hMSH4–hMSH5, has recently been found to interact
with recombination intermediates in a manner that
suggests a mechanism for directing meiotic DNA
double strand break repair towards a crossover
pathway.
The MutS protein started to attract our attention more
than three decades ago [1] when it was found to
control the spontaneous mutation rate in Escherichia
coli. Subsequent genetic and biochemical studies
showed that MutS is a key factor of the MutHLS
system for post-replicative mismatch repair, acting as
a dimer to recognize and bind mispaired nucleotides
in the DNA duplex [2]. In the early 1990s, the first
eukaryotic MutS homologues made their appearance;
they came in multiples, revealing that evolution has
variably equipped eukaryotic species with different
sets of MutS paralogs, the MSH proteins. Budding
yeast has as many as six of them; mammals, including
humans, appear to have five.
Like bacterial MutS, which forms a functional
heterodimer [3,4], the eukaryotic proteins assemble
into various heterodimeric complexes with diverse
biological functions. These range from correction of
mispaired nucleotides during DNA replication and
recombination to resolution of the recombination
process that switches the mating-type in fission yeast
[5]. The popularity of MutS hit its peak with the dis-
covery that mutations in human MSH2 are associated
with the cancer predisposition syndrome hereditary
nonpolyposis colon cancer (HNPCC) [6,7]. In the light
of such glory, two more distantly related members of
the MutS gene family, MSH4 and MSH5, have lived a
rather shadowy existence. This may be because
genetic data in budding yeast argued against their
involvement in mismatch correction, but suggested a
rather complex function in meiosis [8,9]. Later gene
expression data suggested that human MSH4 and
MSH5 also function in meiosis [10,11].
Meiosis is the cytological process that reduces the
diploid chromosome content of gametocytes by half
to produce haploid gametes. This is achieved through
two consecutive cycles of chromosome divisions,
following a single round of DNA replication. A unique
aspect of meiosis is division I, which does the actual
numerical reduction to one chromosome complement
by segregating the homologous centromeres to
opposite poles. Thus, prophase I is dedicated to the
establishment of physical connections between the
maternal and paternal chromosome pairs, providing
the bivalent structures required for proper attachment
of their kinetochores to the meiotic spindle apparatus.
These connections are accomplished largely by
crossovers between homologous non-sister chro-
matids [12], which result from homology-dependent
repair of meiosis-induced DNA double strand breaks.
Defects in the pathway(s) of crossover formation
cause a failure in chromosome segregation at division
I, which is associated with inefficient progression
through meiosis and poor viability of the meiotic
products. MSH4 and MSH5 are among the genes that,
when inactivated, cause such a meiotic defect in
budding yeast [8,9].
Snowden et al. [13] have now reported insights into
a possible biochemical function of the human MSH4
and MSH5 proteins. They have shown that recombi-
nant hMSH4–hMSH5 forms a heterodimeric complex
that loads onto synthetic Holliday junctions, and
Holliday junction progenitors, with high specificity. In
the absence of ATP, the complex binds stably to the
core of the Holliday junction; on addition of ATP,
however, it releases the junction and starts sliding
along the DNA duplex, presumably as a result of a
switch in protein conformation induced by binding
ATP. The substrate-interaction properties of the ATP-
bound heterodimer suggest a mode of sliding that
predicts hMSH4–hMSH4 embraces both parental DNA
duplexes of the recombination intermediate (Figure 1).
The sliding itself appears to be a passive process, as
it occurs without much ATP consumption.
From a mechanistic point of view, such a mode of
action seems intuitively reasonable, but it raises a
number of interesting structural and functional issues.
One inevitable question is how the hMSH4–hMSH5
heterodimer manages to clamp two DNA duplexes.
The high-resolution structures [3,4] available for two
bacterial MutS proteins might give a clue. These struc-
tures have been likened to a pair of praying hands,
with the thumbs folded inwards [14]. They reveal two
wide openings, one between the heels of the palms
and the top segment of the thumbs, the other between
the thumbs and the tip of the fingers. Although the
DNA substrate can be seen passing through the latter
only, both channels would in fact be wide enough to
accommodate a DNA double helix.
Although some conservation of domain structure is
discernible among members of the MutS protein family,
the amino termini of MSH4 and MSH5 clearly differ from
those of the proteins functioning in mismatch correc-
tion. In the MutS structure, this amino-terminal domain
builds the top segment of the thumb, which wedges
into the minor groove of the DNA substrate to scan for
mispairing nucleotides. As this would seem of little use
in recognizing Holliday junctions, evolution may have
sacrificed this part of the thumb in MSH4 and MSH5 to
ease accommodation of two DNA duplexes. But the
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data reported by Snowden et al. [13] do not strictly
exclude another possibility: hMSH4–hMSH5 might
interact with the Holliday junctions as a heterotetramer.
Two heterodimers might bind cooperatively to two half-
junctions, each embracing only one homologous
duplex, and then slide along the paired duplexes in a
coordinated manner.
Dimer or tetramer, the key observation by Snowden
et al. [13] is remarkable — it refines the conceptual
framework for future investigations into the complex
meiotic processes that control the formation of
crossovers and the establishment of crossover interfer-
ence. A prevalent view of meiotic recombination distin-
guishes three homology-dependent pathways for
repairing double strand breaks during meiotic prophase
I. These have different consequences, generating: rec-
iprocal crossovers associated with interference (COi);
reciprocal crossovers without interference (COni); or
non-crossover products (NCOs) [15]. A commitment
towards COi is likely made before or during formation
of early recombination intermediates — the physically
detectable single-end-invasions [16,17]. This decision
seems impaired in msh4 or msh5 mutant budding yeast
cells, which show a specific loss of COi, while NCO and
(presumably) COni formation is unaffected [8,9]. 
Revelation of the biochemical activity of
hMSH4–hMSH5 [13] now allows for some speculation
about the mechanism of this decision-making process
(Figure 1). One could imagine that, following double
strand break formation and single strand invasion,
MSH4–MSH5 binds to the ‘Holliday junction progeni-
tor’. ADP–ATP exchange might then induce sliding of
the complex, freeing the Holliday junction and allow-
ing loading of another heterodimer. Repeated loading
of MSH4–MSH5 stabilizes the recombination interme-
diate and facilitates its maturation to a double Holliday
junction. The double Holliday junction is then resolved
to yield a COi, where bound MSH4–MSH5 might play
a role in positioning a Holliday junction resolvase to
cut the junctions in opposite directions. Whether or
not a Holliday junction precursor will become a COi
might depend entirely on its success in recruiting
MSH4–MSH5. Should recruitment fail, the intermedi-
ate will be resolved either by synthesis-dependent
strand annlealing, producing NCOs, or by a
MUS81–MMS4/EME1 nuclease-dependent pathway,
generating crossovers without interference [15,18].
So far so good, but there is another part of the
problem that needs explanation: crossover interference.
This refers to the observation that the presence of a
crossover at one position reduces the probability of
another occurring nearby, resulting in a non-random dis-
tribution of crossovers along the chromosomes. This
effect is inversely correlated with genetic distance and
seems to be more pronounced on large chromosomes
[19]. A number of rather complex explanations for the
phenomenon have been put forward, most of them pos-
tulating some sort of interference signal propagating
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Figure 1. Possible action of MSH4–MSH5
in the repair of meiotic double strand
breaks.
Double strand breaks initiate meiotic
recombination; they are processed to gen-
erate 3′ single strand overhangs (top),
which invade homologous chromosomes
and, on finding sequence homology, form
single-end invasions. MSH4–MSH5 (rings)
binds to and stabilizes these Holliday junc-
tion progenitors (1a). The resulting D-loop
is enlarged by DNA synthesis primed at the
invading 3′ end (red lines/arrows). Mean-
while, MSH4–MSH5 undergoes ADP–ATP
exchange and starts sliding along the
paired homologs, setting the junction free
to bind new MSH4–MSH5 dimers (1b).
Maturation to the second end capture (1c)
and double Holliday junction stages (1d) is
facilitated by repeated loading of
MSH4–MSH5, which stabilizes the inter-
mediate. Bound MSH4–MSH5 may also
direct a Holliday junction resolvase (scis-
sors) to cleave the two junctions in oppo-
site directions (1d), generating a COi (1e).
The MSH4–MSH5 clamps then dissociate
from the duplexes, possibly by hydolyzing
ATP. Holliday junction progenitors may not
always be captured by MSH4–MSH5
dimers (2a). Some extension of the D-loop
can nevertheless occur (2b), occasionally
allowing second end capture and initiation
of DNA synthesis at the non-invading 3′
end (2c). The MUS81–MMS4/EME1 nuclease then cleaves the D-loop and half-junction independently (2d). Further processing of the
resulting ends would then generate COni (2e). If, however, the invading end is rejected (3a), NCOs (3c) can arise via synthesis-dependent
strand annealing (SDSA) (3b). The relative contribution of the three pathways to meiotic recombination varies between species as indi-
cated at the bottom. Green and orange lines, DNA strands of the two homologous duplexes; arrows, 3′ ends.
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along the chromosome axis. The biochemical proper-
ties of hMSH4–hMSH5 heterodimers now suggest a
rather simple mechanism, based on a ‘first come, first
served’ principle (Figure 2). Continuous loading of
hMSH4–hMSH5 molecules onto a recombination inter-
mediate could lead to local depletion of these pro-
teins. Hence, if another double strand break happens
to be placed nearby, the resulting Holliday junction
progenitor will have a reduced chance of recruiting
hMSH4–hMSH5. Stabilization will likely fail, and resolu-
tion of the junction will occur via the NCO or COni path-
ways. Such a scenario could explain key features of
both crossover control and interference, and is consis-
tent with the absence of interference in fission yeast,
which lacks MSH4 and MSH5 homologs [20], and in
budding yeast msh4 or msh5 mutants.
The beauty of the new work by Snowden et al. [13]
is that, although it adds just a small piece in the big
puzzle of meiosis, it is one that really was missing and
that opens new perspectives. Future studies will have
to resolve the many questions that remain open or, in
fact, now arise. Looking into the functional interac-
tions of hMSH4–hMSH5 with the homologous recom-
bination machine and the proteins that build the
synaptonemal complex might be what takes us the
next step forward.
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Figure 2. Crossover interference by local depletion of
MSH4–MSH5.
Early in meiosis, double strand breaks can occur close to each
other. At this stage, MSH4–MSH5 heterodimers are evenly
distributed within a chromosomal territory (1). After single-end-
invasion, MSH4–MSH5 (rings) binds to one of the recombina-
tion intermediates, likely chosen on a ‘first come, first served’
basis, stabilizing the junction and facilitating the loading of
additional dimers. Continuous loading of unbound
MSH4–MSH5 molecules to the same site then results in a local
depletion of free protein, reducing the chance for a neighbour-
ing single-end-invasion of being captured and stabilized (2).
The MSH4–MSH5 bound intermediate matures to a double
holliday junction (DHJ) yielding a COi. Invading unbound single-
ends can undergo synthesis-dependent strand annealing
(SDSA), resulting in NCOs (3), or be processed to non-interfer-
ing COs by a MUS81–MMS4/EME1-dependent pathway.
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